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The location and movement of mammalian gut tissue progenitors, prior to the expression of tissue-specific genes, has been unknown, but
this knowledge is essential to identify transitions that lead to cell type specification. To address this, we used vital dyes to label exposed
anterior endoderm cells of early somite stage mouse embryos, cultured the embryos into the tissue bud phase of development, and determined
the tissue fate of the dye labeled cells. This approach was performed at three embryonic stages that are prior to, or coincident with, foregut
tissue patterning (1–3 somites, 4–6 somites, and 7–10 somites). Short-term labeling experiments tracked the movement of tissue progenitor
cells during foregut closure. Surprisingly, we found that two distinct types of endoderm-progenitor cells, lateral and medial, arising from three
spatially separated embryonic domains, converge to generate the epithelial cells of the liver bud. Whereas the lateral endoderm-progenitors
give rise to descendants that are constrained in tissue fate and position along the anterior–posterior axis of the gut, the medial gut endoderm-
progenitors give rise to descendants that stream along the anterior–posterior axis at the ventral midline and contribute to multiple gut tissues.
The fate map reveals extensive morphogenetic movement of progenitors prior to tissue specification, it permits a detailed analysis of
endoderm tissue patterning, and it illustrates that diverse progenitor domains can give rise to individual tissue cell types.
D 2005 Elsevier Inc. All rights reserved.
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The embryonic endoderm gives rise to the liver,
pancreas, lungs, thyroid, and gastrointestinal tract. The
ability to predictably induce endoderm derivatives from
stem and progenitor cell populations is anticipated to
provide cell therapies, facilitate drug development, and
enhance basic science. However, all such cell differentiation
that is not from the normal embryonic endoderm is sporadic
(Wagers and Weissman, 2004). By contrast, a tissue bud that
arises from the endoderm during development contains an
entire field of cells that initiates a new tissue program.0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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19104, USA.Definitive endoderm cells exist transiently in the post-
gastrulation embryo and, unlike stem cells in culture, they
neither proliferate (Jung et al., 1999) nor maintain an
undifferentiated state (Deutsch et al., 2001). Tissue explant
and transplant studies with both chick and mouse embryos
show that broad domains of the gut endoderm are multi-
potent, and that specific domains gain tissue identities by
local interactions with mesoderm (Beddington and Lawson,
1990; Bossard and Zaret, 2000; Gualdi et al., 1996; Kumar
et al., 2003; Le Douarin, 1964; Serls et al., 2005; Wells and
Melton, 2000). In order to identify and track undifferenti-
ated endoderm cells in embryos, and thereby better under-
stand the normal origins of tissue progenitors, we created a
partial fate map of the mammalian foregut endoderm prior
to the expression of tissue-specific genes and determined
where the cells move before and during tissue patterning.
Endoderm fate maps have been made for non-mamma-
lian model organisms, but since tissue patterning occurs280 (2005) 87–99
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differs dramatically between organisms, it is difficult to
compare progenitor cell locations between model systems.
For example, cell labeling with vital dyes showed that in
zebrafish, a sparse field of endoderm cells moves to the
midline to generate a rod of gut cells (Horne-Badovinac et
al., 2001; Warga and Nusslein-Volhard, 1999), but it is not
yet clear if the liver and other tissues initially bud from the
rod (Field et al., 2003) or form independently (Korzh et al.,
2001; Wallace and Pack, 2003). Similar approaches showed
that the Xenopus gut tube also forms from a rod of
endoderm cells (Chalmers and Slack, 2000). By contrast,
the chick and mouse gut develops from an epithelial sheet of
endoderm cells that form anterior and posterior pockets to
create the foregut and hindgut, with liver and other tissues
being specified in the sheet prior to and during gut tube
closure (Wells and Melton, 1999).
Kirby et al. (2003) used dye labeling and fate mapping to
show that in the chick, growth of the foregut is facilitated by
caudal extension of the ventral foregut blip,Q at the anterior
intestinal portal (AIP), apparently led by ventral midline
endoderm cells derived from the rostral portion of the
prechordal plate. AIP lip cells labeled lateral to the ventral
midline moved toward the midline, but not across it, and
caudally, leaving a trail of descendants that streamed along
the anterior–posterior axis into the foregut. Fate mapping
studies of the posterior chick gut, caudal to the liver and
ventral pancreas, showed that lateral domains fold ventrally
to close off the gut (Matsushita, 1996). In summary, lateral
domains move ventrally toward the midline and the foregut
contains a ventral midline population that separates the
lateral descendants. However, the extent to which this
morphogenetic mechanism applies to mammals is unknown
and the early foregut endoderm fate mapping studies in the
chick did not extend into the period of organogenesis.
Lawson and Pedersen (1987) performed extensive fate
mapping studies of gastrulating mouse embryos by labeling
individual endoderm cells, culturing the whole embryos,
and determining descendant cell position. They found that
axial (near midline) endoderm initially contributes to the
anterior dorsal endoderm, while later axial endoderm
contributes to successively more posterior dorsal endoderm
(Lawson et al., 1986). The role of lateral endoderm cells was
not addressed and the embryos did not grow sufficiently
in vitro to locate the positions or movement of organ
progenitors. However, a recent lineage mapping study of
mouse embryos has shown that by the end of gastrulation,
cell progenitors of lateral endoderm are already distinct from
cells that will become axial (anterior foregut and dorsal)
endoderm (Tam et al., 2004). However, how the lateral and
axial cell populations contribute to organ bud fates was not
addressed.
Limited fate mapping studies of 2–4 somite pair (2–4 S)
chick embryos identified a paired lateral endoderm domain,
adjacent or posterior to the third somite, that contains liver
progenitors (Rosenquist, 1971). Paired lateral domains ofendoderm also contribute to the liver in the zebrafish and
frog (Chalmers and Slack, 2000; Warga and Nusslein-
Volhard, 1999). Foregut organogenic fate mapping in the
mouse has not been reported, and genetic methods to map
gut tissue lineages have been limited to tissue-specific
promoters that are activated after tissues are specified (Gu et
al., 2002; Kawaguchi et al., 2002). Tissue explant studies
show that the mouse liver is not specified prior to ~7 S
(Gualdi et al., 1996; Jung et al., 1999) and the earliest
known in situ marker for liver appears in the left and right
lateral endoderm at E8.5 (9 S) (Watt et al., 2001). Given that
the liver bud is at the ventral midline by 15 S (E9.0), it is not
clear whether midline cells, in addition to lateral cells, also
contribute to the mammalian liver, nor how differences in
gut morphogenesis allow the fate maps of other model
systems to apply to the mammal.
In summary, the origin, location, and movement of
mammalian gut organ progenitors, including the liver, has
been unknown, but this information is crucial for under-
standing the mechanisms of organogenesis.Materials and methods
Endoderm fate map construction
To provide a common framework on which to present a
foregut endoderm fate map, we created a grid that
subdivides the left and right sides of the exposed endoderm
into thirds along the rostral/caudal and medial/lateral axes
(Fig. 1). We also divided the exposed ventral endoderm lip
at the AIP into three segments. The size of each grid
segment was 2- to 4-fold greater than the area we could
readily resolve during dye labeling. We divided our experi-
ments into three categories based on somite number: 1–3 S,
4–6 S, and 7–10 S. In each category, the rostral end of the
fate map was the exposed endoderm on the AIP lip, and the
caudal end of each fate map was the endoderm rostral to the
first visible somite. The area of the fate map is smaller over
developmental time due to the progression of the AIP
towards the first visible somite.
Mouse embryos: collection, manipulation, and in vitro
culture
C3H mouse embryos were harvested at E8.0–8.25 (1–
10 S). Embryos were dissected free of decidual tissue and
Reichart’s membrane in warm dissection medium (DMEM,
7.5% FBS; (Lawson and Pedersen, 1987; Lawson et al.,
1986) and maintained at 378C, 5% CO2 in culture medium
[DMEM, 50% Rat Serum (Valley Biomedical, AS3061);
(Lawson and Pedersen, 1987; Lawson et al., 1986)] until
manipulation. The parietal endoderm was carefully dissected
away, and only embryos with an intact yolk sac and
ectoplacental cone were used (Tam, 1998). Embryos were
placed in warmed dissection medium and each was
Fig. 1. Developing a partial anterior endoderm fate map for the mouse. (A–F) Mouse embryos that are representative of 1–3 S (A, B), 4–6 S (C, D), and 7–10
S (E, F) stages. (A, C, E) Grids divide the anterior endoderm of a frontal view of each embryo. Rostral (rs), caudal (cd), lateral (lt), and medial (md
orientation are indicated. Each grid divides the exposed endoderm lip at the anterior intestinal portal (AIP) into thirds and the remainder of the exposed
endoderm rostral to the first somite into 18 divisions. The medially located space represents the notochord. Although all three maps have similar divisions
they are annotated differently. The grids are those represented in the fate map presented below. (B, D, F) Lateral views of the embryos in A, C, E. The solid
line outlines the mapped endoderm and the dashed line the endoderm within the gut-tube. (G–I) Fate map data generated by DiI labeling the endoderm at the
1–10 S, culturing for 24–46 h and determining the position of the labeled cells after culture. Each filled shape represents the position of labeled cells on a
single embryo at the onset of culture. The number within the shape is the final somite number of that embryo after culture. The shape represents the position
of descendant cells within the endoderm, as noted in the box to the left of panel J, and the color of the shape represents dorsal/ventral information as denoted
in (J); a circle indicates that the labeled cells were found only within the anterior gut-tube, a square indicates that some or all descendant cells were found
within the liver bud, a triangle indicates that the descendants were found solely within the ventral pancreas bud and the diamond represents an embryo whose
descendants were found within both the liver and pancreas buds. Because the ventral endoderm lip segments that extend into the AIP are obscured, the
segments are also labeled outside the map. Since the ventral midline of the endoderm lip (VMEL) position was labeled so frequently, those data were grouped
and placed above each map with an arrow indicating their initial position. (J) A cartoon representing the anterior gut of an E9.5 embryo. Orange, dorsa
foregut; blue, ventral foregut; grey, dorsal midgut; red, ventral midgut. Morphological markers used to orient the endoderm in whole embryos include the
branchial arches (ba), heart (he), and liver bud (lb).
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dioctadecyl-3,3,3V,-3V-tetramethylindocarbocyanine (CM-
DiI, Molecular Probes) at 0.2 Ag/Al in 0.3 M sucrose. If
embryos were double labeled, then they were given a bolus
of 3,3V-dioctadecyloxacarbocyanine perchlorate (DiO,
Molecular Probes) freshly made at 5 mg/ml in DMSO.
The dye was ejected onto cells by using mouth control with
front loaded capillary tubes (World Precision Instruments)
pulled to a diameter of 10 Am. Because the dyes rapidly
precipitate in an aqueous environment, the dye labels only
those cells adjacent to the bolus. Using this technique, we
have been able to reproducibly label small groups of
endodermal cells. The initial location of the labeled cells
was manually recorded on a grid and incorporation was
confirmed after 20- to 30-min incubation (378C, 5% CO2) by
low magnification fluorescent imaging. A photograph was
taken with the shortest exposure time possible to prevent UV
damage to the embryo (~1–5 s). Each embryo was then
placed in a serum bottle with 1–1.5 ml culture medium,
gassed with a mixture of 5% O2, 5% CO2, 90% N2, sealed
and rotated at 30 rpm (mini-roller system, Fischer) at 378C.
The embryos were regassed with the same mixture after 12
h, and subsequently gassed with 20% O2, 5% CO2, 75% N2
at 12-h intervals. Embryos were re-fed after the initial 24 h
with fresh culture medium. After culture, the labeled
embryos were fixed in 4% paraformaldehyde (PFA) over-
night at 48C, washed in PBS, and subjected to brightfield
and fluorescence microscopy to reveal the labeled cell
descendants. Whole embryos were viewed using Nikon
Diaphot Inverted microscope fitted with a Pixera Pro 150ES
camera and Micrografx Picture Publisher imaging software
or a Nikon SMZ 1500 dissecting microscope fitted with a
Coolsnap camera and Image Pro Plus Software. Most
embryos stained with DiI were sectioned according to the
protocol outlined below, to allow accurate localization of the
DiI.
Histology, in situ hybridization, and immunohistochemistry
Fixed embryos were dehydrated in ethanol for histology,
or in methanol if embryos were to be processed for in situ
hybridization or immunohistochemistry. Whole mount in
situ hybridization was performed according to standard
procedures (Wilkinson, 1992). The probes used are AFP
(Waldrip et al., 1998) and Foxa2 (Ang et al., 1993).
Immunohistochemistry for Pdx-1 and Foxa2 was performed
on sections as described (Bort et al., 2004), while that for
HNF4a was of Sund et al. (2000). The primary antibodies
used were used at the following dilutions: Pdx1 (gift from
C. Wright, Vanderbilt University, TN) at 1:5000; Foxa2
(Santa Cruz; made in goat) at 1:150; HNF4a (C19, Santa
Cruz) at 1:500. Embryos were embedded by standard
procedures in paraffin (Paraplast Plus, Fisher), sectioned at
5–8 Am, dried overnight, dewaxed in xylenes, and
rehydrated in a reverse ethanol series. Sections were stored
in PBS at 48C for 2–3 days until they were used or viewed.Sections solely for fluorescence were mounted in Immu-
Mount (Thermo Shandon); sections subjected to further
analysis were photographed for fluorescence in PBS and
then photographed after processing in Cytoseal-60 (Richard
Allen Scientific). Sections were viewed with a Nikon
Diaphot Inverted microscope fitted with a Pixera Pro
150ES camera and Micrografx Picture Publisher or Image
Pro Plus imaging software.Results
Producing a fate map of the mammalian foregut
The goal of this study was to locate and track gut tissue
progenitor domains in the anterior endoderm of mouse
embryos, prior to and during the time of tissue patterning,
that is, about E8.25 or 1–10 S. Our experiments were
modeled on the fate mapping approach of Lawson and
Pedersen (1987), but differed by using early somite stage
embryos, focusing on the ventral foregut endoderm,
assessing the organogenic fate of labeled cells, and
labeling clusters of cells. To summarize our approach,
we isolated early embryos, ejected a small amount of dye
onto a site of exposed endoderm, documented the site of
dye labeling, cultured the embryos in roller bottles,
photographed the labeled site by fluorescent whole
mounts, sectioned the embryos, photographed the fluores-
cent cells, and in many cases, performed secondary
analyses on the sections to molecularly characterize the
labeled cell descendants. Because the fluorescence images
of whole-mounted embryos, after culture, were often weak,
all conclusions stated about cell fate were derived from
analyses of sectioned embryos, where signals were much
clearer. We found that the most accurate way to document
the initial position of labeled cells was marking a grid map
for each embryo, rather than relying on the initial
photograph.
Control experiments established the quality of embryonic
development over 24–46 h in vitro, to the equivalent of
E9.0–10.0. About 70% of the embryos appeared grossly
normal and had correct heart and tail looping and
extraembryonic development (Supplemental Figs. S1A,
B), though a subset of these embryos had slight forebrain
defects. Significantly, expression of FoxA2 (Figs. S1D, E)
was normal, indicating mature endoderm, notochord, and
floor plate, and ~-fetoprotein was appropriately expressed
in the liver bud and visceral endoderm (Fig. S1C).
Embryos were labeled with CM-DiI (DiI), a fluorescent,
lipophilic dye that is stable to histological analysis (Stern
and Fraser, 2001) (Fig. S2A). Control experiments deter-
mined that, using these methods, a range of 5–50 endoderm
cells (average ~25, Fig. S2B) were labeled. While signifi-
cant lateral spreading of the dye within the endoderm was
not observed, sectioning of newly labeled embryos showed
that the dye was sometimes present on an underlying layer
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both endoderm and the underlying mesoderm or ectoderm.
Pilot short-term labeling studies showed that clusters of
endoderm cells undergo dramatic movement during the
1–10 S period of gut tube morphogenesis. We therefore
created three separate fate maps for embryos at 1–3 S, 4–6
S, and 7–10 S (Figs. 1A, C, E). The three maps, or grids, for
cataloguing labeling sites are organized similarly, but
annotated differently, and include only the endoderm that
is exposed (see lateral views in Figs. 1B, D, F, solid line)
and not that which has been incorporated into the gut tube
(Figs. 1B, D, F, dotted line). Each grid segment is
approximately 2–4 times larger than the range of cells
labeled in each experiment. The anterior segments of each
grid contain the exposed endoderm at the lip of the anterior
intestinal portal (AIP) (Figs. 1A, G, positions 1–3; 1C, H,
positions a–c; 1E, I, positions A–C). The caudal segments
for each grid contain endoderm that is immediately rostral to
the first somite (Figs. 1A, G, positions 16–21; 1C, H,
positions p–u; 1E, I, positions P–U).
To determine if our labeling methods on early somite
embryos perturb development, we mapped notochord-
proximal, dorsal endoderm progenitors as had been
identified in the presomitic, single-cell labeling studies
of Lawson and Pedersen (1987). Dorsal endoderm
segments were labeled at the three stage groups from 1
to 10 S and the position of the labeled cells was
examined after 24–48 h in culture (1–3 S, positions 12,
13, 17–19; n = 6; 4–6 S, positions f, k–n, q, t; n = 9;
7–10 S, positions F, K, L/R boundary, M, Q; n = 5;
summarized in Figs. 1G–J; typical results described hence).
A 4 S embryo labeled at a caudal domain of our map field
(Figs. 1C, H, S3A; position k/q boundary, Fig. S4H)
contributed to the dorsal gut by 21 S, from a foregut level
slightly below the branchial arches to the midgut region,
caudal to the developing heart (Figs. S3B–D). Transverse
sections through this embryo demonstrated labeled cells in
the dorsal foregut endoderm (Figs. S3E, EV, black arrow-
head) and the dorsal midgut (Figs. S3F, FV). Mesodermal
derivatives were also labeled (Fig. S3C; sections not shown)
and were rostral to the labeled endoderm. A later, 7 S
embryo labeled rostral to the first somite (Figs. 1E, I, S3G;
position Q), produced a stream of dorsal midgut descend-
ants that extended from the middle of the heart field to a
position slightly below the gut opening at 24 S (Figs.
S3H–J; sections not shown).
Taken together, this series demonstrates that midline
proximal endoderm contributes to the dorsal endoderm
along the rostral/caudal axis of the gut-tube (Figs. S3D, J).
We found that endoderm labeled at similar respective
locations at sequentially later stages produced descendants
in progressively more caudal domains of the dorsal gut-
tube. These findings are similar to those of Lawson and
Pedersen (1987) with presomitic embryos and show that
our labeling methods are compatible with normal endo-
derm development.Identifying progenitors for the liver and other ventral tissues
in the lateral endoderm
To determine the location of progenitors to the liver bud
and other ventral gut tissues, prior to and during tissue
patterning, we first labeled lateral endoderm cells that were
between the first somite and the AIP lip, outside of the gut
tube, of 1–6 S embryos (Figs. 1A, G, positions 10, 15, 16,
20, 21; n = 7; Figs. 1C, H, positions d, i, j, o, u; n = 9), as
well as endoderm cells on the ventral foregut lip of 1–10 S
embryos (Figs. 1A, G, positions 1, 3; n = 5; Figs. 1C, H,
positions a, c; n = 8; Figs. 1E, I, positions A–C; n = 11).
The initial position of each labeled group of cells is
represented by a shape on the fate maps in Figs. 1G–I. A
circle indicates that the labeled endoderm contributed solely
to the gut tube at the end of the culture period. A square
indicates that some or all of the descendants contributed to
the liver bud, a triangle represents the group of cells
contributing to the ventral pancreas bud, while the diamond
represents the group of cells contributing to both organ
buds. The number within each shape indicates the somite
stage to which the labeled embryo was grown and the color
indicates the fate of the labeled cells with regard to dorsal,
ventral, foregut, and midgut positions of an embryo at
approximately E9.5, as diagrammed in Fig. 1J. Typical
results are described hence; contralateral domains yielded
similar results. Also, the terminal stage to which the
embryos were grown, usually ~20–30 S, did not affect the
conclusions stated.
A 3 S embryo labeled in the lateral-most endoderm at
position 16 (Fig. 2A; Fig. S4A) produced descendants by 31
S in the midgut region and surface ectoderm (Figs. 2B–D).
Section analysis revealed that DiI labeled cells were not in
the midgut epithelium, but rather in FoxA2-positive cells
that had invaded the mesenchyme at the position of the liver
bud (Figs. 2E, F) (Ang et al., 1993). Notably, individual
cells with FoxA2-positive nuclei, within the morphological
liver bud, contained membrane bound DiI (Figs. 2EV, FV),
indicating that they were of endodermal origin. All lateral
labelings at the 1–3 S stages that gave rise to labeled liver
buds were initially well caudal to the AIP lip, on the left and
right sides of the 1–3 S embryo (Fig. 1G; positions 10, 15,
16, 20, 21; n = 4/7). By contrast, lateral endoderm at 1–3 S
that was more rostral, at the AIP lip (Fig. 1A, positions 1, 1/2
boundary, 3), contributed to anterior ventral endoderm in the
pharyngeal region and not to the liver bud (data not shown;
summarized in Fig. 1G; n = 6).
By 4–6 S, labeled cells giving rise to liver bud were still
found in the lateral endoderm, but in a more rostral position,
near the AIP lip (Fig. 1H; positions a/d boundary, c/i
boundary, d, i, j, o, o/u boundary; n = 11/13). For example, a
5 S embryo labeled in the position of the d/j boundary gave
labeled descendants in the midgut region at 35 S (Figs. 2G–
I; Fig. S4B). Section analysis revealed that dye labeled cells
were in the liver bud and co-labeled with HNF4a (Figs. 2K,
KV, L, LV), as expected for hepatoblasts (Parviz et al., 2003).
Fig. 2. Lateral endoderm progenitors of the liver bud. (A) A 3 S embryo was labeled in the lateral endoderm (red asterisk, position 16; see original embryo in
Supplemental Fig. S4A) and cultured though 31 S (B). (C, D) The labeled descendants are located in the liver bud (lb). A portion of the surface ectoderm (se)
was also labeled. (E, F) A transverse section through the embryo as indicated by the dashed line in (B). (E, EV) In the greyscale image, the dye-labeled cells
invading the local mesenchyme are white, and they are in the morphological position of the liver bud. The same section was subsequently subject to
immunohistochemistry for FoxA2, an endodermal marker that also labels the neural tube (nt) and notochord (F) (Ang et al., 1993). An overlay of a magnified
view of the boxed region in E, F, is shown in FV, with arrows pointing to dye-labeled liver bud cells with Foxa2-positive nuclei. (G) A 5 S embryo was labeled
in the rostral lateral endoderm (red asterisk, d/j boundary; see Fig. S4B) and cultured through 35 S (H). (I) Dye labeled cells are found within the liver bud and
summarized in (J). (K, L) A transverse section through this embryo as indicated in (H). (K, KV) The dye-labeled cells are white in this greyscale image. The
section was then stained for HNF4a (L), a marker of hepatoblasts (Parviz et al., 2003). An overlay of a magnified view of the boxed region in K, L, is shown in
LV, with arrows pointing to dye-labeled liver bud cells with HNF4-positive nuclei. (M, N) A 7 S embryo was labeled at the lateral edge of the endoderm lip (red
asterisk, A/D boundary; see Fig. S4C) and cultured through 33 S. The labeled descendants are found within the liver bud and midgut (mg) as demonstrated in
whole mount (O) and transverse sections (Q, QV), and summarized in (P).
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lateral to the midline (Figs. 1C, H, positions a, c, and the a/
b, a/d and b/c, c/i boundaries) continued to give rise to
descendants in the ventral foregut, anterior to the liver bud
(see Figs. 5F–H below; summarized in Fig. 1H; n = 7/10).
By 7–10 S, liver bud progenitors, but not anterior ventral
foregut progenitors, were found throughout the endoderm of
the AIP lip (Fig. 1I, positions A/D and A/B boundaries, B,
C, C/I boundary; n = 10/11 in liver bud). This agrees with
RT-PCR data showing that various liver-specific genes are
activated in the AIP lip domain at the 7–8 somite stage,
consistent with a commitment to the liver lineage (Jung et
al., 1999). For example, a 7-S embryo labeled within the
lateral edge of the endoderm lip and the underlying
mesoderm (Figs. 1E, I, position A/D; Fig. 2M; Fig. S4C)
produced descendants in the midgut region and heart by 33
S (Figs. 2N–P). Section analysis showed that labeled
descendants in the endoderm were in the midgut epithelium
and in a noncontiguous segment of the liver bud (Figs. 2Q,
QV). We observed such spatial discontinuity in descendants
only when endoderm fated to form the liver bud and gut-
tube were both labeled, indicating that descendants of liver
bud progenitors ultimately separate from prospective midgut
cells.
Taken together, this labeling series demonstrates that the
lateral domain of the exposed definitive endoderm contrib-
utes to ventral portions of the closed gut-tube and to ventral
gut-tube derivatives, such as the liver bud. When contrasted
with the descendants of dorsal-fated endoderm (Fig. S3),
clusters of ventral-fated endoderm cells give marked differ-
ences in the shape of the domain of labeled cell descendants.
While the dorsal-fated cells produced descendants that
formed a stream along the anterior–posterior axis of the
dorsal gut-tube (Figs. S3D, J), the descendants of lateralFig. 3. Movement of lateral liver bud progenitors during ventral gut morphogenesis
15). (C) After 12 h, the cell descendants have moved medially and into the closing
the right [red asterisk (D); red arrow (E)] and DiO on the left [green asterisk, (D) g
represented by a filled green oval. (F) A frontal brightfield view of the same embry
DiO labeled cells (red and green arrows). Each domain has moved toward, but nlabeled cells had more confined anterior/posterior bounda-
ries (Figs. 2D, J, P).
In addition to labeling the liver bud, two embryos labeled
in lateral endoderm domains gave rise to other endoderm-
derived organs, such as ventral pancreas bud, as detected
morphology in sections and by co-labeling with Pdx-1 (n =
2; Fig. S5, Fig. 1G). Given the rarity with which we labeled
precursor cells for ventral pancreas and their interspersion
within the liver progenitor domain (Fig. 1G, diamond-
marked injection site), they may be markedly fewer in
number than the liver progenitors at 1–10 S. We conclude
that lateral cell populations contribute to diverse anterior
ventral gut-derived tissues.
Movement of lateral liver progenitors during
morphogenesis of the mouse foregut
The appearance of liver progenitors mapping temporally
in more rostral and then medial positions during the 1–10
S stages could be due to cell movement or to spatially
separate populations of progenitors that arise at different
times, or to both. We therefore performed short-term
labeling experiments to track potential cell movement.
Patches of lateral endoderm cells were labeled with DiI
and/or DiO, the embryos were cultured for 4 to 12 h, and
the position of the labeled cells was identified. An example
(n = 14) is shown in Figs. 3A–C, where a 3 S embryo was
labeled in liver progenitors at the position 15/21 boundary
(Fig. 1G), which was both lateral and caudal to the ventral
foregut lip at the AIP (Figs. 3A, B, red asterisk). After
culturing the embryo to the 13 S stage, the labeled cell
cluster now appeared in the ventral and more medial
domain of the ventral foregut lip of the AIP; that is, they
moved into the lateral AIP lip.. (A, B) A 3 S embryo labeled in the lateral endoderm (red asterisk; position
ventral gut-tube (white arrowhead). (D, E) A 5 S embryo labeled with DiI on
reen arrow (E)] edges of the lateral endoderm lip. The DiO labeled cells are
o at 11 S. (G) Merged fluorescent image reveals the position of the DiI and
ot within, the ventral midline (white line).
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within the AIP lip of the ventral foregut, we simultaneously
labeled the left and right, lateral-most parts of the ventral
foregut lip of individual 5 S embryos with different colored
dyes (Fig. 3D, positions a/d and c/i). These labeled domains,
at 5 S, contain both anterior ventral foregut and liver bud
progenitors (Fig. 1H). In embryos cultured to the 11 S stage
(Figs. 3D–F), the two labeled cell populations clearly move
towards one another; adjacent to, but not within, the midline
cells of the ventral AIP lip (Fig. 3G).
Taken together, the short-term labeling results show that
the early somite stage lateral endoderm, and specifically the
liver progenitors within that region, move from a lateral
domain that is immediately anterior to the first somite, at 1–
3 S, to the ventral AIP lip of the foregut, and that cells at the
lateral-most domains of the AIP lip move toward the
midline, during gut closure.
Liver progenitors within the ventral midline of the endoderm
lip
Although we found that lateral endoderm cells move into
the AIP lip and medially in the ventral foregut, they did not
completely enter the midline domain by 11–13 S (Fig. 3G).
Yet fate mapping of 7–10 S embryos showed that liver bud
progenitors are there by that stage (summarized in Fig. 1I,
region B; and see below), suggesting that the midline liver
bud progenitors would be derived from a different region of
the embryo. Indeed, a descendant pattern distinct from the
remainder of the ventral-fated endoderm was unexpectedly
observed when we labeled cells within the ventral midline
of the endoderm lip (VMEL) (Figs. 1A, G, mid-position 2;
Figs. 1C, H, mid-position b). A 2 S embryo labeled within
the VMEL (Fig. 4A, Fig. S4D, mid-position 2; n = 4)
produced descendants at 20 S that extended in the foregut
along the rostral/caudal axis, from the branchial arches to
the midgut region (Figs. 4C–D). Transverse sections of this
embryo revealed descendants within the midline epithelium
of the ventral foregut (Figs. 4E, EV, arrowhead), within a
substantial cluster of cells forming the rostral portion of the
liver bud (Figs. 4F, FV, arrowhead), and within a cluster of
cells in the middle of the liver bud (Figs. 4G, GV,
arrowhead). Taken together, the section analyses showed
that labeled VMEL cells at 1–3 S give rise to a stream of
descendants throughout the anterior ventral gut midline and
into the liver bud (Fig. 4D).
A later 6 S embryo labeled within the VMEL and
underlying mesoderm (Fig. 4H, Fig. S4E, mid-position b;
n = 6) produced endodermal descendants that were located
at the rostral extent of the heart and extended caudally into
the developing liver, as well as in mesodermal descendants
within the heart (Figs. 4I–K). Section analysis revealed a
midline position of descendants within the ventral midgut
epithelium (Fig. 4LV, arrowhead) and within a major,
HNF4a-positive component of the rostral liver bud (Figs.
4MV, N, within red circled region). A 9 S embryo labeledwithin the ventral midline (Fig. 4O, Fig. S4F, mid-position
B; n = 5) produced descendants within liver bud cells that
invaded the mesenchyme, as revealed by whole mount and
FoxA2 expression in dye labeled sections (Figs. 4Q–TV).
In summary, the VMEL cells from 1 to 6 S, unlike the
remainder of the ventral-fated endoderm, can produce
descendants that stream along the rostral/caudal axis of
the embryonic midline. Also, while the rostral boundary of
the labeled VMEL cells is dependent upon the stage of the
labeled embryo, the caudal boundary of ventral midline
descendants appears constant in the rostral domain of the
developing liver bud.
Spatially distinct progenitor domains converge to form the
liver bud
The short-term labeling and fate mapping experiments
demonstrate that lateral liver bud progenitors move toward
the midline, but are excluded from it, suggesting that the
VMEL cells constitute a distinct population. To definitively
establish whether the liver progenitors in the lateral and
VMEL cell populations are initially distinct from one
another and then converge, we directly compared the fate
of cells labeled across the anterior ventral endoderm lip. To
illustrate the convergence of the VMEL and lateral liver
progenitor domains, we simultaneously labeled VMEL cells
and lateral endoderm cells near the AIP lip of a 6 S embryo
with two different dyes (Fig. 5A, red and green asterisks).
In accordance with the previously created fate map (Fig.
1H), we expected that each of the labeled cell populations
would contribute to the liver. Indeed, after culturing the
embryos to the 27 S stage, the descendants of the red
midline label were found in a line of ventral endoderm that
begins rostrally at the middle of the heart field and ends
caudally in the liver bud (Figs. 5C, E). The green, laterally
labeled descendants also contributed to the liver bud (Figs.
5D–E). When merged, the two fields of labeled cells are
adjacent in the liver bud (Fig. 5E; arrows). The instability of
DiO to sectioning prevented an analysis at the single cell
level. To assess whether the VMEL cells are non-
contiguous with the lateral liver progenitors, prior to hepatic
induction (Gualdi et al., 1996), we labeled the lateral
endoderm lip of 5 S embryos at position c, which is
between the VMEL and lateral cell domains (Fig. 5F, red
asterisk). Strikingly, the labeled descendants were found
within the anterior ventral foregut, rostral to the heart in the
32 S embryo, far from the liver bud (Figs. 5G, H, vfg cells;
Fig. S4G). Thus, the liver progenitor domains are non-
contiguous, separated by progenitors to cells in the anterior
ventral gut.
Taken together, these studies demonstrate that the liver
bud progenitors, prior to hepatic induction or commitment
(i.e., 1–6 S), exist in two spatially and functionally distinct
populations of cells: lateral endoderm groups, which, when
labeled, can give rise exclusively to a patch of descendents
in the liver bud, and VMEL cells, which inevitably give rise
Fig. 4. Ventral medial endoderm lip (VMEL) cells give rise to streams of midline foregut cells and contribute to the liver bud. (A) A 2 S embryo was labeled
within the middle of the ventral endoderm lip (red asterisk, mid-position 2; see supplemental Fig. S4D) and cultured through 20 S (B, C). (C, CV) The labeled
descendants produce a stream of cells within the ventral midline endoderm that extends from a position adjacent to the branchial arches through the developing
liver bud (lb). (D, K, R) Labeled endoderm is summarized by the red line. (E–G) In grayscale transverse sections (dashed lines in panel CV), the labeled
descendants (white) are indicated by the black arrowhead. (E, EV) At this level, labeled endoderm is confined to the medial portion of the ventral foregut (vfg).
DiI is also observed in a small region of the myocardium (white arrowhead in E). (F, FV) At the foregut/midgut (mg) junction, labeled cells are located within the
rostral aspect of the liver bud (lb; outlined by the dashed line). (G, GV) Caudally, labeled descendants end within the medial portion of the liver bud (lb,
arrowhead). (H) A 6 S embryo was labeled in the ventral medial endoderm lip (red asterisk, mid-position b; see Fig. S4E) and cultured through 27 S (I). (J, JV)
Labeled cells extend from the ventral midgut (vmg) adjacent to the heart to the developing liver. A portion of the heart (he) was also labeled. (L–M) In
greyscale transverse sections (dashed lines, J), the labeled descendants appear white and are highlighted by black arrowheads. (L, LV) Anteriorly, labeled
endoderm is found within the medial ventral midgut (vmg). (M, MV) Near the caudal limit, the labeled cells (outlined by the red dotted line) are found within the
rostral component of the liver bud (lb; outlined by the dashed black line). (N) The section in (M) was subsequently subject to HNF4a immunohistochemistry, to
label hepatic cells. The location of DiI labeled cells is represented by the red dotted line. (O) A 9 S embryo was labeled in the middle of the endoderm lip (red
asterisk, mid-position B; see Fig. S4F) and cultured through 30 S (P). (Q, QV) Labeled descendants are located within the developing liver and the heart. (S, T)
A transverse section of the embryo as indicated in (Q). mg, midgut; nt; neural tube. (SV) In this magnified greyscale image, the red dotted line outlines the dye
labeled cells. (TV) The section in (S) was subjected to FoxA2 immunohistochemistry, showing that the dye labeled cells (red dotted line) represent endoderm
that has budded from the gut tube.
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Fig. 5. Lateral and VMEL liver bud progenitors are separated by progenitors of more anterior ventral gut tissues. (A) A 6 S embryo was labeled at the midline
(red asterisk, position b) and within the left lateral endoderm proximal to the endoderm lip (green asterisk, position i). (B) This embryo was cultured through 27 S.
(C) Midline (DiI, red) descendants extend from the ventral endoderm at the top of the heart (he) through the developing liver. vmg, ventral midgut. (D) Lateral
(DiO, green) descendants are found as a discrete patch within the developing liver (lb) and mesoderm, including heart (he). (E) Merged high magnification
darkfield/brightfield view of the boxed region in (B) demonstrating DiI (red) and DiO (green) labeled cell descendants. The arrows point to the labeled cells
within the developing liver bud (lb). (F) A 5 S embryo labeled in region c (red asterisk; see Fig. S4G). (G) A brightfield view of the resulting 32 S embryo. The
view of this embryo is similar to that indicated by the boxed region in B. (H) A brightfield/darkfield merged view of the sample in (G). The labeled
descendants, indicated by the arrows, are in the heart (he) and in the ventral foregut, well separated from the liver bud, demonstrating that liver bud progenitors
in regions b and i are discontinuous. vfg, ventral foregut.
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tissue domains, including the liver bud.Discussion
We have created a partial fate map of the anterior
endoderm of the early somite stage mouse embryo, focusing
on progenitors of the liver, a ventral endoderm derivative
(Figs. 1G–J). Before the production of this fate map, the
location of anterior gut organ progenitors in the mouse, prior
to the expression of organ-specific markers, was unknown.
Our labeling approach identified the location of liver
progenitors at the 1–6 S stages, which is prior to expression
of albumin and other liver specific genes (Jung et al., 1999)
and prior to the specification of the endoderm as liver
(Deutsch et al., 2001; Gualdi et al., 1996). As described in
the introduction, previous fate mapping studies in non-
mammalian organisms had indicated that the vertebrate liver
arises, at least in part, from paired lateral domains of
endoderm. We confirmed these results for the mouse, yet
with interesting differences from other model organisms.
Specifically, Rosenquist (1971) found that in the chick, liver
progenitors map near or caudal to the third somite, whereas
we found that in the mouse, liver progenitors map anterior
to the first somite. Furthermore, we mapped the positions of
lateral liver progenitors at different developmental stages,
prior to specification, and therefore revealed how the cells
move during tissue patterning. Knowing the location of liver
progenitors at different times permits a detailed analysis ofintrinsic changes in endoderm cells and a more refined view
of the tissue interactions that lead to hepatic specification
from the endoderm.
An unanticipated discovery was that a relatively small
population of cells at the ventral midline of the endoderm lip
(VMEL) comprise a distinct progenitor cell population for
the liver bud, as well as for more rostral, ventral gut midline
tissue (Figs. 4,6). While patches of lateral endoderm cells
give rise to descendants that are constrained along the
anterior–posterior axis, serial section analysis shows that
patches of VMEL cells give rise to a continuous stream of
descendant ventral midline endoderm cells. The caudal
position of the VMEL descendants, if originally labeled
from 1 to 6 S, appears to be fixed at the anterior portion of
the liver bud, whereas the rostral position of VMEL
descendants appears variable and occurs more posterior as
the VMEL cells are labeled later in the 1–6 S period. At the
1–6 S stages, the centrally located VMEL cells are spatially
discontinuous from the lateral liver progenitors, being
separated by endoderm domains that give rise to more
rostral ventral gut tissues (Figs. 6A–D). The origination of
the liver bud from diverse cell domains in the embryo is
striking, in light of the diverse sources of hepatic cells that
arise during adult pathogenesis (Fausto and Campbell,
2003; Shen et al., 2003) and that appear, albeit inefficiently,
in stem cell differentiation studies (Hamazaki et al., 2001;
Ishizaka et al., 2002; Jang et al., 2004; Jones et al., 2002;
Petersen et al., 1999; Schwartz et al., 2002; Willenbring et
al., 2004). It is also possible that the discrete liver progenitor
domains represent separate spatial or functional domains of
Fig. 6. Convergence of liver bud progenitor domains during ventral foregut morphogenesis. The red circled domains contain liver bud progenitors in the 1–3 S
embryo (A, B), 4–6 S embryo (C, D), and the 7–10 S embryo (E, F). (B, D, F) Foregut closure occurs through movements that are indicated as arrows on these
lateral views. The lateral populations that will form ventral anterior gut move both anteriorly and medially into the endoderm lip (red arrows). The VMEL cells
remain in the midline and extend caudally (black arrows).
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a cell marking approach that persists through adulthood.
The properties of VMEL cells are similar to what Kirby
et al. (2003) have described for a ventral midline population
in the chick, except that we now show that ventral midline
endoderm cells can contribute to tissue buds that initiate an
organ-specific differentiation program, as seen by expres-
sion of HNF4a. Also, in the chick, the medial and more
lateral ventral AIP lip gives rise to rostral–caudal streams of
descendants throughout the ventral gut (see Figs. 3A–D of
Kirby et al., 2003), while in the mouse this pattern of growth
is limited to the VMEL cells and not the lateral AIP lip cells.
Although the significance of this discrepancy is unclear (see
below), it highlights a difference between the mouse and
non-mammalian models of gut organogenesis and empha-
sizes the significance of mammalian fate mapping studies.
Since the ventral midline cells of the chick (apparent
VMEL equivalent), originate from the prechordal plate,
which is the rostral-most component of the notochord, the
prechordal plate was suggested to be a mesendodermal
bpivotQ between the ventral foregut midline and the
notochord (Kirby et al., 2003). In mouse embryos assessed
between head fold and early somite stages, ventral midline
endoderm precursors are positioned anterior to dorsal
endoderm precursors and they give rise to streams of cells
along the A–P axis (Lawson and Pedersen, 1987; Lawson et
al., 1986), consistent with the general characteristics of the
ventral midline cells in the chick. In mouse embryos in
which the prechordal plate is removed or altered, the ventral
midline endoderm fails to form appropriately and the lateral
endoderm fails to fuse ventrally (Camus et al., 2000; Hart et
al., 2002). To test the hypothesis that the prechordal plate
gives rise to ventral midline endoderm (VMEL cells) in the
mouse, we labeled the prechordal plate during late headfoldstages (E8.0) and attempted to culture the embryos through
early somitogenesis. However, the embryos developed
abnormally, and thus, in our hands, the prechordal plate
cells seem particularly sensitive and apparently crucial for
embryo morphogenesis. Assuming that VMEL cells in the
mouse derive from the prechordal plate and contain the
properties ascribed to the ventral midline cells in the chick
(Kirby et al., 2003), it is interesting to note that the caudal
VMEL boundary, at the rostral portion of the liver bud,
corresponds to the center of the hepatic diverticulum of the
gut; and the VMEL descendants contribute substantially to
that domain. Single-cell labeling approaches will be needed
to quantitate the contribution of the VMEL cells to the liver
bud. Thus, the VMEL cells may play a morphogenetic role
in both closing and shaping the gut tube, in addition to
giving rise to tissue bud progenitors.
Of the many embryos analyzed in this study, only two
gave rise to labeled cell descendants in the ventral
pancreatic bud, suggesting that ventral pancreas progenitors
at 1–10 S are rare or that they reside more caudal to the first
somite. However, a ventral midgut fate mapping study in the
chick, including more caudal domains, failed to detect any
ventral pancreas progenitors (Matsushita, 1996). We note
that the two labelings of ventral pancreas bud progenitors
we observed were interspersed within the lateral liver
progenitor cells (Fig. 1G, positions 14 and 21), and that
one of such labelings (position 21) also labeled liver bud
progenitor cells. These findings are consistent with tissue
explant studies that revealed a close developmental relation-
ship between the two tissues (Deutsch et al., 2001; Serls et
al., 2005; Zaret, 2001), and suggest that ventral pancreas
progenitors may be few in number.
Our short- and long-term fate mapping studies suggest
that the anterior gut-tube in the mouse uses three move-
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rostral/caudal axis, the lateral endoderm moves towards the
ventral midline, via the AIP lip, and the VMEL cells grow
caudally to form the midline of the ventral gut (Fig. 6). As
described in Introduction, these findings are largely pre-
dicted from other studies, most notably the recent work of
Kirby et al. (2003) and Tam et al. (2004). However, we note
again that in the mouse, the lateral AIP cells move toward,
but not directly into, the midline and they do not stream in a
rostral-to-caudal fashion, whereas in the chick the lateral
AIP cells both move toward the midline and stream rostral-
to-caudal (Kirby et al., 2003). The differences may relate to
differences in the way the mouse and chick guts close, in
that the mouse gut closes faster in development and this may
be abetted by the more medially directed movement of the
lateral endoderm cells.
The studies presented here provide an advance in
understanding the in vivo movement and specification of
endodermal organ precursor cells. The importance of
morphogenetic movement in endoderm specification has
been underscored by a recent analysis of hex-deficient
embryos (Bort et al., 2004). The inability of the lateral
endoderm to grow beyond the cardiac region in hex nulls,
due to a proliferation defect, results in a failure of ventral
pancreas specification. Despite the growing number of
inductive events being discovered to occur between the
endoderm and mesoderm during murine development
(Cleaver and Krieg, 2001; Couly et al., 2002; David et al.,
2002; Hogan and Zaret, 2002; Schultheiss et al., 1995; Serls
et al., 2005; Sugi and Markwald, 2003; Wells and Melton,
1999; Withington et al., 2001), we have observed that the
pre-specified endoderm and underlying mesoderm do not
move in concert. When underlying mesoderm was co-
labeled with endoderm, the mesodermal descendants at the
end of culture were often rostral and always distal to the
labeled endoderm (Figs. 2O, 4C, J, Q, 5H, S, Fig. 3C and
data not shown), which is similar to the results of others
(Kinder et al., 1999). These findings underscore the
importance of knowing the dynamics of endoderm cell
position with respect to the expression of inductive signal-
ing molecules from the mesoderm, during gut tissue
patterning. Our studies define the position and movement
of subsets of endodermal organ precursors during early
somitogenesis. Further studies of these populations will lead
to a better understanding of the in vivo events resulting in
endoderm tissue specification, and should be useful for
defining the events that lead to predictable endoderm
differentiation in vitro.Acknowledgments
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